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I. INTRODUCT ION 



In recent years there has been considerable research on 
saperplastic alloys. Superplastic alloys in general exhibit 
elongations tc failure of 200% or more under appropriate 
conditions of temperature and strain rate. The driving force 
behind this effort was the many favorable applications 
for these alloys, such as: (1) application of plastics 

industry forming methods to metals; (2) ability to form 
complex shapes in one piece; (3) elimination of fasteners 
and welds in high strength components with complicated 
geometries; (4) employment of non heat-treatable alloys by 
elimination of post forming welds. Research at the Naval 
Postgraduate School (NPS) has concentrated on high-Magnesi um 
Aluminum-Magnesium alloys. The goal of this research is to 
determine which of these high-strength, light-weight Al-Ky 
alloys were suitable for aircraft, missile and spacecraft 
construction. 

Previous research at NPS on nigh-Mg, Al-Mg alloys has 
developed a thermo mechanical process (TMP) to achieve super- 
plastic response in a number of these alloys [Refs. 1,2]. 
Others at NPS have investigated the mechanical properties of 
these same alloys while in the superplastic regime. 

The purpose of this research is to investigate the 
retained ambient temperature properties of three high-ilg, 
Al-Mg alloys after simulated superplastic forming. The 
choice of alloys from among those previously investigated at 
NPS was made on the oasis of those showing the rest super- 
plastic ductilities at a warm forming temperature of 300 C 
and strain rates of 10~ 3 S -1 to 10 -2 S~ l . The higher strain 
rates for superplastic forming were chosen with an eye 
toward potential application of these alloys; it is gener- 
ally recognized that the relatively low strain rates for 
superplastic flow in many alloys restrict their usefulness. 
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Superplastic deformation to manufacture certain components 
is currently being used by a number of companies including 
Pratt and Whitney [Bef. 3 ] and Rockwell International 
[Ref- 4]- Since 1981 British Alcan Aluminum has had one 
subsidiary. Superform Metals Limited, focusing only on 
superplastic forming of Aluminum alloys. 

This thesis presents the data obtained from the micros- 
tructural examination conducted using optical microscopy to 
assist in the evaluation of the test results as well as the 
results from the mechanical testing of the as rolled and 
superplastically deformed Aluminum-Magnesium alloys- Review 
of this work and new questions are posed for subsequent 
investi gation. 
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II. B A CKGBOU ND 



A. ALUMINUM— MAGNESIUM ALLOYS 

Aluminum alloys offer several advantages when compared 
to steels and Ti-alloys, such as low density, good ductility 
and good fracture toughness. Higher strength aluminum 
alloys get their increased strength mainly from solid solu- 
tion and precipitation strengthening. The formation of the 
second phase precipitate retards dislocation motion and 
grain growth. The aluminum- magnesium alloy system has been 
extensively studied at the Naval Postgraduate School. It 
was selected because of its good strength to weight ratio, 
lower density, higher ductility and better corrosion resis- 
tance than other high strength aluminum alloys. The strengtn 
of Al-Ilg alleys can be improved through warm working at a 
temperature below the Mg-solvus but above 200 C. Harm 
working produces a fine dispersion of the beta phase 
(Mg^Alg), and increases the strength through a combination 
of dislocation substructure, dispersion and solid solution 
strengt hening. 

Solid solution strengthening is due to retardation of 
dislocation motion due to solute interaction with the stress 
fields of the dislocation. Dislocation substructures 
present barriers to dislocation motion and hence provide a 
form of strain hardening. Dispersion strengthening refers to 
the blockage of dislocation motion by the presence of the 
dispersed particles. 

B. SUPERPLASTIC BEHAVIOB 

The phenomenon of su per plasticity is considered to be 
the ability of a material to deform to high tensile elonga- 
tions (usually in excess of 200%). The generally agreed 
reguirements for acnieving superplastic response are: 1) 

elevated temperatures in the range of 0.5 to 0.7 Tm; 2) a 



11 



second phase with strength comparable to the parent matrix; 
3) a fine, eguiaxed grain structure with high angle grain 
boundaries; 4) a thermally stable microstructure; 5) high 
strain rate sensitivity; and (6) resistance to cavitation. 

Typically, grain sizes less than 10 m are necessary to 
achieve superplastic behavior. The grain size effect on 
superplastic flow has been shown by Sherby and Wadsworth 
[ Eef . 5 ] to be of the form: 

6 = <D eff /dP)f (6) (egn 2. 1) 

# 

where t is the strain rate, p is the grain size exponent, a 
is the grain size and D rr is the effective diffusion coeffi- 
cient. The above equation shows that the a stress required 
for deformation will have to increase for a given strain 
rate if grain growth occurs during superplastic flow. This 
grain growth during deformation would, in effect, result in 
"strain hardening". Increased grain size results in larger 
diffusion distances; this causes the diffusion flux to 
decrease for a given strength and tne result is an appar- 
ently stronger, more creep-resistant material. 

Two explanations of superplastic behavior frequently 
presented are: Nabarr o- Herr ing diffusion creep [Ref. 6] and 

(2) Coble diffusion creep [Ref. 7]. In Nanarro-Herring 
creep, lattice diffusion is the rate controlling process- In 
equation 2.1 an< ^ t * ie grain size exponent p=2 . In 

Coble creep, grain boundary diffusion is the rate control- 
ling process and in 2.1 = D bd -1 and p=3. Although 

neither of these processes fully describe superplastic 
behavior, experimental observation of and p nave been 

made which support these models [Ref. 5]. 

The above models predict strain rates far below those 
actually observed. In addition they predict a lengthening 
of the grains in the direction of major tensile strains 
which is in conflict with the experimental observation of 
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superplastica 11 y aeformed materials. Ashby and Verrall 
[ Bef . 8]- have proposed a creep model cased on diffusional 
effects whicn is more consistent witn tne strain rates and 
post-de forma ticn microstructure exp erimentaxiy observed. 
Their model is expressed as: 

♦ 

6 = (9003 1^ /KXd2) (<5-0.7 2/"/d) (1+ Lb/dlV) (egn 2.2) 

where r is tne gram noundary surface energy, is the gram 
boundary thickness, is the bounaary diffusivity, D v is 

the volume aifrusivity, <5 is the applied stress, k is 
Boitzman's constant, T is the absolute temperature, b is tne 
Burger's vector, c is the steady state creep rate and a is 
tne grain size. Figure 2. 1 snows an illustration for tne 
basis of tne Ashny-Verra 11 model. This model shows indi- 
viauai grains moving and changing tneir relative positions 
ny grain ooundary sliding witn airfusional accommodation. 





Figure 2. 1 Ashby-Verr all Grain Boundary Sliding Model. 
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Several alternate models which focus on grain boundary 
sliding with slip accommodation have been proposed. In addi- 
tion, at high stresses, it is generally accepted that the 
deformation mode is that of dislocation creep [Ref. 9]. 

The high temperatures, 0.5 to 0.7 Tm (where Tm = melting 
point) used during superplastic forming require a material 
which has a microstructure which is resistant to grain 
growth. This requires some form of grain boundary pinning. 
The Zener-Mclean relationship, 

d = { 4r/3 f ) (egn 2.3) 

where d is the distance between pinning particles of radius 
r and volume fraction f, states that a fine precipitate size 
will enhance a materials ability to resist grain growth. The 
particles pinning tne grain boundary should be of a strength 
similar to that of the matrix to allow for their deformation 
during lidP and subsequent superplastic forming. If they do 
not deform they will cause cavities to form in the material. 
Stoweil [Bef. 10] notes that cavitation may result from the 
decohesion of the particle/ matrix interface during plastic 
deformation. 

In the analysis of deformation at high temperature, 
particularly superplastic behavior, the flow stress is 
related to the strain rate by a power law equation- tied worth 
and Stoweil state the relation as: [Ref. 11] 

d =K£ m (eqn 2.4) 

where o is the flow stress, K is a microstructure and 
temperature dependent material constant, is the strain rate 
and m is the strain rate sensitivity coefficient. The coef- 
ficient is defined as 

m= (d (ln6) /d (ln£) ) (eqn 2.5) 
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and is usually experimentally determined from a log- log plot 
of stress versus strain rate for the material of concern. 
Superplastic materials typically have m values of 0.3 to 
0.7. The models above (Nabarro-Herring, Coble) predict m = 
1; A shby- Verrall also suggest m tends toward 1. 
Experimental observation is m < 1, usually nearer 0.5. 

Hence, purely diffusional models are not adequate. Also, as 
McNelley- Lee-Mills [ Eef . 12] and Lee-McNelley-Stengel 

[fief. 13] report, these alloys are superplastic but have a 
fine subgrain microstructure rather than a fine grain 
microstructure. Both Mills and Stengel [Refs. 14,15: pp. 

30, 40] have observed continuous, dynamic recrystallization 
with grain growth in these alloys during warm (300 C) defor- 
mation. With respect to equation 2. 1 this grain growth would 
result in strain hardening of the material. After super- 
plastic forming, these alloys have a fine grain/subgrain 
structure with a dispersion of precipitate particles- 

C. RETAINED AMBIENT TEMPEBATUBE PfiOPERTIES 

The high yield strengths, about 300 MPa, of tnese alloys 
are attributable to several factors: solid solution 

strengthening; grain size refinement and precipitation hard- 
ening. In aluminum magnesium alloys the major strengthening 
is due to the magnesium in solid solution. Labusch 
[Ref. 16: p. 1 ] gives the yield stress due to solid 

solution hardening as: 

*3 Vj i/. 

T y b = (Fma£ 2 <*) /T (eqn 2 - 6 ) 

Where 7^ is the yield stress, b is the 3urger's vector, ^, ax 
is the retarding force on dislocations due to the solute 
interaction c is the concentr ation of the solutes, Z is the 
distance from tne slip plane to the solute, c< is a numer- 
ical factor on the order of unity and T is the tension in 
the dislocation line. Meyers and Chaw la [Ref. 26: p. 399] 

also cite the solute atoms as the cause for serrated stress 
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strain curves. The serrations in stress-strain curves are 
manifestations of the Portevin-Le Chatelier effect. This 
arrises whenthe solute atoms are able to diffuse about as 
fast as the displacement speed of the dislocations (imposed 
by the applied strain rate) and therefore are able to lock 
up the dislocations. Eventually, with increasing stress, the 
dislocations break free causing a drop in the stress-strain 
curve. This process repeats itself causing tne serrations 
in the stress-strain curve. 

The small grain size reguired for good superplasticity 
may contribute to the ambient temperature strength. The 
Hall-Petch relation 



6 = <r 0 * K/VTJ) 



(eqn 2.7) 



where D is the grain size, 
frictional stress reguired 
material constant. The Ha 
piling up of dislocations 
boundaries. This concentra 
high enough to cause yieldi 
these alloys has a lesser ef 
The presence of cavities 
plastic forming would be de 
The effect can be expressed 



o is the yield strength, o 0 is a 
to move dislocations and K is a 
11-Petch model is based on the 
against obstacles such as grain 
tes the stresses until they are 
ng. precipitation hardening in 
feet than the above two effects. 

formed during rolling or super- 
trimental to fracture toughness, 
by the relation: 



K = ( a /-fC ) 



(eqn 2.8) 



where is the applied stress, a is t 
isting crack and K is the fracture 
in M . The size of the voids formed 
serve as crack- like defects of length 
a may be sufficient to induce brittie- 



he length of a preex- 
toughness expressed 
may be large enough to 
a. At high strengths, 
like fracture. 
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D. ALLOYING ADDITIONS 

The opening paragrapn of this chapter addressed the 
erxect of tne Magnesium addition to the Aluminum. Figure *.2 
snows the Dinary Al-fig phase diagram. Of particular note is 
the eutectic at 451 C. A major precipitate in all tnree cf 
these alloys is tne binary Deta pnase, (Mg^Alg). 




Wt. % Mg 



Figure 2.2 Phase Diagraa for the Alumi nua-Magnesium System- 

Figure 2.3 is the partial ternary pnase diagram for tne 
Al- Mg- M n system. At the alloying levels in the alloys 
considered by this work, tne apparent intermetaxlic pnase 
present would oe M n A 1 . This has been confirmed by selected 
area diffraction work conducted by Garg (Ref. 17] on tnis 
alxoy. Tne finely dispersed particles of MnAl facilitate 



17 



formation of subgrains and hinder grain growth m Aluminum 
alloys. Manganese in solution has little or no effect on 
grain size. fiecrystallizati on and precipitation overlap and 
interact strongly witn the Magnesium addition. At tempera- 
tures below 6 50 K, precipitation precedes r ecr y stailiza tion. 
[Bef. 18] Manganese and Magnesium have an additive effect on 
the mecnanical properties of this alloy system. 



Figure 2.3 Phase Diagram for the Al-Mg-Mn System. 

Copper is aaaea to Aluminum alloys to increase tne strengtn 
of the alloy at low temperatures ny neat treatment, and at 
high temperatures tnrough the formation of compounds witn 
other metals. Copper is a grain refiner in Aluminum alloys. 
At the temperatures and concentrations considered in this 
research the composition of the i nter metallic would ne 
CuMg,Al ,. Figure 2.4 is a copy of tne Al-Mg-Cu phase diagram 
taken from Mondolro [Bef. 18: p. 498 ], 




Wt.^oMg 
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Figure 2.4 Partial Phase Diagram for the Al-Mg-Cu System. 
E. PREVIOUS KORK 

Aluminum — Eagre si urn alloys have been tne sunject cf 
extensive investigation and study at tne Naval Postgraduate 
School. Following earlier work, at NFS. Jonnson [fief. 1 ], 
standardized the tier momech anical processing of tne 6-10>„ 
aluminum magnesium alloys. In tnese alloys, he reported 
good ductility and material strenatn twice that of 5XXX 
alloys. His procedure was to solution treat the material at 
440 C for nine nours, not work, anneal for one hour at 440 
C, quench, and tnen warm roll. Jonnson used warm rolling 
temperatures m tne range from 200 C to 340 C. he concluded 
that the beta pnase (Al8Mg5) contributed by dispersion 
strengthening to the nigh strength and good ductility found 
in these alloys. 
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Shirah [Bef. 19], improved the microstructura 1 homoge- 
neity by increasing the solution treatment time to 24 hours. 
This extended treatment minimized precipitate banding while 
not effecting grain growth. 

Becker [Ref. 2], combined previous work, and developed 
the procedures for isothermal tensile testing at elevated 
temperatures. His testing centered around temperatures of 
250 C and 300 C. His work concentrated on the Al-8i1g- 0. 4 Cu 
and Al-1 0Mg-0. 5Mn alloys. Becker observed superplastic 
elongations up to 400%, and concluded that the higher magne- 
sium content in the 10Mg-0. 5Mn alloy stabilized grain size 
and extended the range of superplastic behavior to higher 
tern pera tures. 

Hills [Ref. 14], extended Becker's work on the 
Al- 1 0Mg-0. 5 Mn alloy over a larger temperature range and for 
additional strain rates. He found activation energies and 
strain rate sensitivity coefficients consistent with those 
in the literature. Self [Bef. 20] looked at several aluminum 
magnesium alloys including: Al- 1 0 Mg-0 . 2Mn , Al-3Mg-0 . 4Cu , 

Al-8Wg-0.4Cu-0.5Mn, Al-8Mg, Al-IOMg and Al-1 0Wg-0. 4Cu. He 
found the use of copper on an equal weight percentage as 
effective as the use of manganese to promote superplas- 
ticity. The primary benefit of manganese is as a grain 
refiner where as Copper homogenizes the microstructure and 
has some grain refinement ability. Stengel [Ref. 15] 
continued the work of Becker and Hills on the Al- 1 0Wg-0. 5Wn 
alloy by using five different annealing treatments following 
warm rolling. She found that annealing below the rolling 
temperature, at 200 C, enhanced the superplasticity. She 
also concluded that recry stalizati on strengthened the 
microstructure but resulted in decreased ductility. 

Alcamo [Ref. 21] looked at both Al-8Mg-0. 1 Zrand 
Al- 1 0Mg-0. 1 Zr alloys. After initial evaluation of the super- 
plastic response of both alloys, he concentrated his 
research on the 10% Mg alloy. Alcamo did extensive testing 
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the 



on the Al- 1 0 Mg-0. 1 Zr alloy at 300 C. He evaluated 

variation in the strain rate sensitivity coefficient, m, 

with variation in strain and strain rate. He also studied 

microstructural changes in this alloy using transmission 

electron microscopy (TEM) for strains varying from 8% to 

267% at two different strain rates. The information gained 

» 

using TEM was used to correlate how <r , £ , f , d and m vary 
with deformation. Berthold [Ref. 22] and Hartmann [Ref. 23] 
concurrently with Alcamo did extensive research on the 
Al-IOMg-Zr alloy. Berthold concentrated on microstructural 
aspects, examining the microstructural changes during 
processing as well as after fracture at varius temperatures 
and strain rates for as rolled, annealed and recrystalized 
samples. Hartmann did extensive mechanical testing at 
temperatures and strain 



various 



annealed and recrystallized samples 



rates for as rolled, 
to determine activation 



energies and strain rate sensitivity coefficients. 
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III. EXPERIM ENTAL P ROCEDORE 
A. MATERIAL PROCESSING 

The three alloys studied in this research were direct- 
chill cast at the ALCOA Technical Center, Alcoa Center, PA. 
Each ingot was produced using 99.99% Aluminum base metal and 
was alloyed to the desired composition using commercially 
pure alloying materials and therefore they have low Si and 
Fe content. 5% Be-Al master alloy and 5% Ti-0.2% B-Al rod 

were added for oxidation and grain size control respectively 
during casting. As-received ingots 501300A and 501301 a 
measured 127 mm (5in.) in diameter by 1016 mm (40 in.), in 
length. As-received ingot S572826 measured 152 mm (6 in.) 
in diameter by 1016 mm (40 in.) in length. The composition 
of each alloy is listed in Table I Analysis of Ingot content 
was provided by ALCOA Technical Center [Ref. 24]. 



TABLE I 

ALLOY COMPOSITION (HEIGHT PERCENT) 



SEE. NUM. 


Mg 


Cu 


Mn 


Zr 


Si 


Fe 


Ti 


Be 


501300A 


1 0.2 


0.00 


0.52 


0. 00 


0. 01 


0. 03 


0.01 


0.0002 


501301A 


10.3 


0.41 


0.00 


0.00 


0. 01 


0. 03 


0. 01 


0.000 2 


S572826 


9. 89 


0.00 


0.00 


0. 09 


0. 01 


0. 03 


0. 01 


0.0002 



The ingots were sectioned to produce billets of dimen- 
sions 96 mm (3.75 in), X 32 mm (1.25 in), X 32 mm (1.25 in). 
These dimensions were selected to facilitate subsequent 
processing of the billets with available equipment. The 
procedure for the thermomechanical processing of the 
billets is similar to that developed by Johnson, [Ref. 1: p. 
10] and refined by Becker [Ref. 2]. Figure 3.1 is a sche- 
matic diagram showing the steps in the thermomechanical 
processing (TMP). 
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500 




figure 3.1 Thermomechanical Processing Technique. 

Tne Diliets were solution treated ror 24 hours at the 
teas pera tares indicated in Table II . 

Two solution treatment temperatures were cnosen for ootn 
tne Al- 1Qiig-0 . 1 Zr and Al-1 0 Mg-0. 5M n ailoys to investigate 
the effect of solution treatment temperature on retained 
mechanical properties for both of these alloys. The solu- 
tion treatment temperature for the Al- 10My- 0. 4 Cu was lowered 
from 44 0 C, as used oy Self, [Hef. 20: p. 10] to 425 C to 
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TABLE II 

SOLUTION TREATMENT TEMPERATURE 



ALLOY 

Al-T0Hg-0 . 1 Zr 
Al-1 OMg-O. IZr 
Al- 10M g-0 . 5Mn 
Al-1 OMg-O . 5Mn 
Al- 1 QM g-0 . 4Cu 



TEMPE RATU RE 

SHUT 

490 C 
440 C 
4 90 C 
425 C 



reduce tie possibility of partial melting due to the close 
proximity of the ternary eutectic temperature in this 
Al-Mg-Cu alloy. In the rolling of this alloy (as described 
below) inter grann ular cracking, was encountered with some 
billets when prior solution treating was done at 440 c. 
Reduction of the solution treatment temperature eliminated 
this problem. 

The billets were then upset forged to approximately 29 
mm (1.15 in.) on platens heated to the solution treatment 
temperature, annealed at the solution treating temperature 
for one hour and then vigorously oil guenched. This hot 
working reduced the billets by approximately 70%, eguivalent 
to a true strain of about 1. 2. Warm rolling was then done at 
300 C within 24 hours of upset forging, in the manner 
described by [Ref. 14: p.10] Isothermal rolling was aesirea 

so each billet was placed in the furnace for 30 minutes to 
heat from room temperature to 300 C before the first rolling 
pass. Interpass reheating times were controlled according 
to the schedule below: 



TABLE III 

REHEAT TIME — THICKNESS REDUCTION SCHEDULE 



Bil let thickne ss fleh eat Time Thickness Reduc tion 



> 2 5 mm 
12mm to 25mm 
7mm to 12mm 
5mm to 7mm 
< 5 mm ( 



(> 1.0 in) 10 

(. 5 to 1 . in) 8 
(.3 to .5 in) 6 
(.2 to .3 in) 6 
< 0.2 in) 6 



min 1 mm/pass (. 

min 1 mm/pass (. 

min 1 mm/pass (. 

min . 75mm/pass ( 

min .50mm/pass ( 



0 4 in/pass) 
04 in/pass) 
04 in/pass) 
.03 in/pass) 
.02 in/pass) 
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Each Diilet was roiled to a thickness of about 3.8 Em 
(.15 in) thickness. This required anout 26 passes, resulting 
in a final warm reduction of approximately 83%, equivalent 
to a true strain of anout 1.3. Figure 3.2 shows on a 
portion of the Al-Mg phase diagram where the not ana warm 
working were done. 




figure 3.2 Portion of the Al-Mg Phase Diagram Showing 
Where Material Processing was Done. 
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B. SPECIMEN PA BBICATION 



For the simulated superplastic warm forming, two blanks 
were cut from each rolled sneet. The clank dimensions were 
146 mm (5.75 in) in lengtr. ry 33 mm (1.3 in) in width. 
These were macnined to give nominal gage dimensions of 20.30 
mm (0. 300 m) width and 50. 80 ram (2. 000 in) length. This 
gave a gage width to length ratio of 1 to 2.5. Shoulder 
curvature ror these specimens was 6.35 mm (0.2o in). Figure 
3.3 snows this specimen geometry. 



. 5 

mm 



H- 



146 mm (5.75 in . ) 
js — g.35 mm (2.5 in.) ->j 



^•5 

1 mm 




Figure 3.3 Superplastic Deformation Specimen Geometry. 

Elongations were rased on a 50.8 mm (2.0 m) gage length 
scribed on the specimens before warm deformatior- 
Additional gage marks were scribed on tne specimens at 6-35 
mm (.25 in) intervals throughout tne gage section to measure 
local plastic strains within the gage section after no minal 
deformation cf the r u 11 specimen. This was necessary a ue to 
the inhomoge necus deformation of the gage section encoun- 
tered when the specimens were superplastically deformed. 

Fol lowing simulated supe r plasti c forming ambient temper- 
ature test bianKS 74 mm (2.9 in) long by 12 mm (0.5 in) 
wide, were cut from tne gage sections of the warm deformed 
specimens. These were macnined to give gage dimensions of 
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o.35 mm (0. 250 in) width by 25.4 mm (1.000 in) length. Inis 
gave a gage width to length ratio of 1 to 4. Ine radius of 

curvature at the ends of the gage section was 0.5 in. as 
specified in ASTM £-8 for tensile specimens. Figure 3.4 
shows tris specimen geometry. Due to ncn-uniform deformation 
of the gage section in the Zirconium-containing alloy and 
due to the small gage section width after 200?. plastic 
strain in some specimens, a smaller size ambient temperature 
test specimen, 6b mm (2.6 in) in lengtn and 10 mm (0.4 in) 
in width with 5.08 mm (0. 200 in) wiath ny z0.32 mm (0.800 
in) length gage section was used wnen necessary. Figure 3.5 
shows this specimen geometry. 





Figure 3.5 Small Room Temperature Test Specimen. 
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C. SPECIMEN IE STING 

Simulated superplastic forming was done at 300 C at a 
strain rate of either 1.7X10 -3 S~ 1 or 1.7X10 -2 S~ l . An 
electromechanical Instron machine was used to conduct the 
warm deformation in a manner similar to that used previously 
for superplastic testing at NPS, as described by [Ref. 20], 

Test specimens were placed in wedge grips and held in 
place by pins passing through the wedges. The wedges were 
placed into grip assemblies which were screw mounted on pull 
rods connected to the Instron machine. The wedges, grips and 
pull rods were machined from type 304 stainless steel. 
Heating for the warm temperature superplastic deformation 
was provided by a Marshall Model 2232 Three-Zone Clamshell 
Furnace. Furnace temperatures were maintained by three sepa- 
rate controllers, each with its' own thermocouple sensor 
located midway in its* zone inside the furnace. 

Flue effects were reduced by the use of additional insu- 
lation on the top and bottom of the furnace. This consisted 
of insulation mounted inside the top and bottom of the 
furnace and wrapped around the pull rods. When tne furnace 
was closed, outside top and bottom ceramic plates whicn 
fitted around the pull rods were closed and three-one inch 
thick glass fiber insulation pads were fitted around the 
pull rods top and bottom and wired to the furnace. Thin 
strips of fiber insulation were placed between the mating 
faces of the furnace doors. 

Four thermocouples were installed inside the furnace to 
monitor directly the specimen temperature. Two thermocou- 
ples were brought in along each pull rod. These were secured 
to the pull rod with Nichrome wire. One thermocouple from 
each end was placed in contact with the end tab of the spec- 
imen to directly monitor its temperature. The other thermo- 
couple from each end was placed near, but not touching, the 
gage section of the specimen. The two thermocouples along 
the gage section were placed on opposite sides of tne gage 
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section and overlapped by about one inch before deformation 
to maintain good gage section temperature monitoring during 
the nominal 2 inches to 4 inches of deformation given to the 
samples. The furnace controllers were adjusted so that the 
four thermocouples were all within 1% of 30 0 C. The furnace, 
grips and pull rods were heated for 24 hours before a series 
tests to give the components time to reach thermal equilib- 
rium. After a sample was mounted the furnace was closed and 
the four thermocouples were monitored until they were back 
within IS of 300 C. This would usually take about one hour 
and then deformation would begin. The crosshead speeds were 
either 5.08 mm/min (0.2 in/min) or 50.8 mm/min (2.0 in/min) . 
For the specimen geometry this provided strain rates of 
1.7X10-3 S-i or 1.7X10-2 S~i . 

Ambient temperature testing was conducted on the same 
electromechanical Instron machine. Specimens were mounted in 
vise action grips. A crosshead speed of 1.27 mm/min (0.05 
in/min) was used for all ambient temperature testing. This 
resulted in a strain rate of 8.3X10- 4 S _l for the 1 inch 
gage section specimens and a strain rate of 1.04X10-3 S _l 
for the 0.8 in gage section specimens. 

D. DATA REDUCTION 

Elongation was determined by measurement of the separa- 
tion of tne scribed gage marks for the warm deformed samples 
and the outer edges of the gage lines for the amoient 
temperature specimens. Elongation was calculated using 
eguation 3. 1 : 

% Elongation = (L -Lo)/Io (eqn 3.1) 

Where L 0 was 50.80 mm (2.000 in) for the warm deformation 
specimens and approximately 25.4 mm (1.0 in) or 20.3 mm (0.8 
in) for the ambient temperature test specimens depending on 
the size specimen tested, and L was the gage length measured 
for the deformed (or fractured) test sample. Individually 
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measured L values were used for each ambient temperature 
test specimen. The Instron strip chart recorded the applied 
load (lbs) vs. cnart motion. The magnification ratio 
between chart speed and crcsshead motion was 10 for the 
warm deformation and 40 for the ambient temperature testing- 
From the strip chart, data points of chart displacement 
and load were taken from the curve. A "floating slope" was 
used on the strip chart from which measurements were taken. 
This was used to remove such variables as grip adjustment 
and elasticity of the samples and Instron components- Using 
the magnification factor and the specimens initial dimen- 
sions a programmable handheld calculator was used to compute 
engineering stress, engineering strain, true stress and true 
strain. The following basic formulas were used: 



S = P/A 



e = ( I - L ) /L 

p ' o' 0 



(egn 3.2) 
(egn 3.3) 



6 = S (1 + e) 



(egn 3.4) 



£= In ( 1+e) (egn 3.5) 

where e^ is the engineering plastic strain, is the true 
plastic strain, S is the engineering stress and 6 is the 
true stress. Since the relationships for true stress and 
true strain are only valid up until the onset of necking, 
true stress vs. true strain plots for the warm deformation 
show those points past the onset of necking as aashed lines. 

There was routinely a discrepancy between the measured 
elongation and the elongation computed using raw data from 
the strip cnart. This discrepancy was as high as 50 % and 
averaged about 25% in the warm deformed samples. The 
discrepancy in the ambient temperature tests was as high as 



30 



30% and averaged anout 20%. This discrepancy is predomi- 
nantly caused by the plastic deformation outside of the gage 
section in the end tab areas m both cases. 

E. MET ALLOGRAPHY 

After fracture selected ambient temperature test speci- 
mens were sectioned as shown in figure 3.6 Specimens for 
optical microscopy were mounted in standard plastic moulds 



Figure 3-6 Sectioning for Me tallog raphic Examination. 

with cold mounting coUipound. Specimens for scanning electron 
microscopv were attached to standard stuns wit ft conductive 
silver paste. Ail optical microscopy specimens were polished 
first using 240 to oOO grit paper followed by polishing witn 
Aluminum oxide anrasive and finally pclisaea with Magnesium 
oxide abrasive. Tne Al- 1 0Mg-0. 1 Zr and Ai- 1 OMg-O . 5Mn speci- 
mens were etcnea using Barkers's reagent (2.5 mi HBF4 in 100 
ml water, el ect roi y tic) at 20 volts d.c. tor 40 seconds. The 
Al- 1 OMg -0. 4 Cu specimens were etcned using Keller's reagent 
(2 ml HF, 3 ml HCi, 5 ml HN03 and 190 mi water ) for 4 
seconds. Zeiss Universal microscope was used for both exam- 
ination and photcgrapnic work. Kodak 35mm Panatomic-X film 
was used for tnc optical micrographic recording. All photo- 
micrographs were made on specimens tensile tested to frac- 
ture at amment temperature and usually near tne fracture 
sit e. 



\ 



with optical 
microscopy 
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IV. RESULTS AND DI SCUSSIO N 



A. SOLUTION TREATING TEMPERATURE 



The 
previou 
alloys 
tempera 
section 
materia 
treatin 
its roo 
ture d 
shown i 
440 C s 
the due 
2.9 to 
o ut . 

Aft 
treatme 
treatme 
Figures 
microst 
tions. 
mens te 
and are 
lated 
solutio 
at the 
later i 
solutio 
improve 

Two 
were a 
det ermi 



thermomechanical process (IMP) shown in Figure 3.1 
sly developed at NPS was followed for each of the 
investigated. Modifications to the solution treating 
tures were made as indicated in the background 
. Previous work by Beberdick [Ref. 25] on as-rolled 
1, had indicated that increasing the solution 
g temperature for the Al-1 0Hg-0. 5Mn alloy enhanced 
m temperature ductility. The as-rolled room tempera- 
uctilities for both solution treating temperatures 
n Table IV are very similar. The ductility of the 
olution treatment varied from 2.8 to 5.8 percent and 
tility for the 490 C solution treatment varied from 
5.7 percent. Hence this research does not bear that 



er a 75 minute anneal 
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30 


nt had a ductility of 


14. 4 


% 


nt gave 12.6% ductil 


ity. 
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no 


d 
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usually from near the frac 
superplastic forming it was 
n treated material produced 
higher strain rate, 1.67X 
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e site. During simu- 
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re uniform deformation 
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TABLE IV 



AL-10HG-0. 5MN BOTH SOLUTION TREATING TEMPERATURES 
AS-ROLLEB. BOOM TEHPEBATUBE MECHANICAL PROPERTIES 



AL-10MG-0.5MN 



(SOLUTION 


TREATED 


AT 440 


C) 








AS ROLLED 














BILLET 


Sy 


Su 






<*u 


% STRAIN 


NUMBER 






MEASURED 




(MPa) 


(MPa) 


(MPa) 


(MPa) 


(X) 


Mn7-2AR 


299. 3 


470.4 


3 00.0 




496.7 


2. 8 


Mn6-3AR 


258. 8 


481.7 


259.3 




495.9 


3.4 


Mn2— 3 AR 


309.4 


410.7 


3 10. 1 




514.4 


4.0 


Mn2-2AR 


246. 7 


482.2 


297.3 




515.5 


4.2 


Mn2- 1 AR 


340.6 


504.4 


341.3 




538.2 


5. 1 


Mn7-1 AR 


375. 8 


522.0 


376. 6 




552.8 


5.8 


AS ROLLED 


--ANNEALED 1 HR 


AT 300 C 








Mn6 - 1AR 


325.2 


446.2 


325.8 




484.2 


7.4 


AS ROLLED- 


— ANNEALED 1 HR 


15 MIN. 


AT 


300 C 




Mn6-2AR 


275.3 


462.7 


275.9 




556.2 


14. 4 


AL-10MG-0 


. 5MN 












(SOLUTI CN 


TREATED 


AT 490 


C) 








AS ROLLED 


. 












BILLET 


S,, 


S . . 








% STRAIN 


NUMBER 


y 


U 


y 




MEASURED 




(MPa) 


(MPa) 


(MPa) 


(MPa) 


(%) 


Mnl 6-3AR 


332. 1 


485.1 


332.3 




504.0 


2.9 


Mnl 4-1 AR 


259. 7 


467.4 


260.2 




441.8 


3.4 


Mn16-1 AR 


338.3 


507.3 


388. 9 




541 .3 


3.5 


Mn13-1 AR 


298.2 


492.8 


298.8 




519.8 


4.3 


Mnl 6-2AR 


333.4 


513.3 


334. 1 




551.9 


4.7 


Mnl 1-2AR 


271. € 


502.5 


272.1 




546.7 


5.7 


AS ROLLED- 


— ANNEALED 1 HR 


15 MIN. 


AT 


30 0 C 




Mnl 1-3AR 


29 1.9 


456.8 


292.6 




531.7 


12.6 


improve 


the distribution 


ox the 




Zr and 


ennance the room 


temperature mechanical 


pro perties 


. Optical photomicro- 


graphs. Figures 4 


. 3 and 4 


.4, show 


a 


ra ndom 


dispersion of 1-5 


micron ZrA13 particles 


with 


no 


' discernable difference 


between tne two 


Solution 


treating 


temperatures. Table V 


shows ductilities of 4. 


9 to 9 . 


2 


% for 


the 440 solution 


treated material 


and 4.6 


to 10. 


5 


% ductility for the 490 


solution 


treated 


material 


tested 


at 


room 


temperature in the 



as-rolled condition. 
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Figure 4 
As-Ro lied , 



1 

44 0 



Al-1 0Mg-0.5 Mn 
C (a) and 490 



Both Solution Treatments 
C (b) , Barkers etch, X100. 
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(a) 




Figure 4.2 
As-Rolled, 440 



Al- 1 Qflg-0. 5 fln Both Solution Treatments 
C (a) and 490 C (b) , Barkers etch, X800. 
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Figure 4.3 Al- 
As-Rolled, 440 C 



10ag-0olZr Both Solution Treatments 
(a) and 490 C (b) Barkers etch, X800. 
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The yield and ultimate strengths are approximately egual 
for both solution treatments at about 310 MPa (45 KSI) yield 
and 460 MPa (67 KSI) ultimate strength. Optical photomicro- 
graphs 4.5, of material from both solution treatments after 
75 minutes of static annealing at 300 C snow no apparent 
effect of the different solution treating temperatures. The 
mechanical test results in Table V shows better ductility 
for the lower solution treating temperature. The higher 
solution treating temperature does not appear to cause 
dissolution of the ZrAl3 precipitates. 

Both the Al- 10MG-0 . 1 Zr and Al-1 0Mg-0. 5Mn alloys solution 
treated at 490 C were brought directly to that temperature 
without a hold a 440 C. An initial hold at 440 C is gener- 
ally recommended to allow the beta Magnesium (Mg5Al8) to go 
back into solution to prevent partial melting when going 
above the 451 C eutectic temperature. Even though tnis was 
not done, no cracking problems' on rolling, usually associ- 
ated with partial melting, were observed for either of these 
alloys. It is felt that this was a ttrinut able to several 
factors; (1) the long (24 hours) solution treating time; (2) 
the 5% Ti-0 . 29(B-Ai added for grain size control in the 
casting and (3) the limited segregation during casting due 
to the direct chill casting process. The long solution 
treating time appears to have been sufficient for any beta 
which did melt to go back into the solid solution. Factors 
two and three limited the size and amount of beta present in 
the as cast condition. Although this was not the recommended 
method of heat treating these alloys, no apparent micros- 
tructural damage was done to eitner alloy. 

Reducing the solution treating temperature to 425 C for 
the copper- containing alloy eliminated all cracking prob- 
lems during warm rolling of this alloy. The need to reduce 
the solution treating temperature from 440 C was realized 
from a closer examination of the Al-Mg-Cu ternary phase 
diagram shown in Figure 2.4 in the background chapter. This 
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(a) As-rolled plus annealed 75 minutes at 300 C. X100 




(b) As-rolled plus annealed 75 minutes at 300 C. X100 



Figure 4 
As-ro lied , 



4 Al-1 0dg-0„ 1 Zr 
440 C (a) and 490 



Both Solution Treatments 
C (b) , Barkers etch, X100. 
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TABLE V 



AL-10MG-0. 1ZB DATA FOE BOTH SOLUTION TREATMENTS 
AS-ROLLED AND BOOM TEMPERATURE MECHANICAL PROPERTIES 



AL-10MG-0. 1ZR 

(SOLUTION TREATED AT 440 C) 
AS ROLLED 



BILLET 


S v 


s„ 




or. 


% STRAIN 


NUMBER 


y 


u 


y 


u 


MEASURED 




(MPa) 


(MPa) 


(MPa) 


(MPa) 


(%) 


Zr2 1-1 AR 


317.6 


484.3 


3 18.2 


522.0 


4.9 


Zrl 9-1 AR 


335. 3 


489.4 


336.0 


525.8 


5.0 


Zr 1 9-2AR 


308. 5 


458.9 


309. 1 


496.7 


5. 1 


Zr2 4-2AR 


314. 3 


445.3 


3 15.0 


4 90.9 


8.0 


Zr24-1 AR 


295.6 


441.6 


296.2 


489.3 


9.0 


Zr34-1 AR 


28 1. 2 


43 0.9 


281.8 


487.3 


9. 1 


Zr20-1 AR 


316. 6 


496.2 


317.2 


553 .3 


9.2 


AS ROLLED- 
Zr34-2AR 


-ANNEALED 1 HR 
31C.3 646 


AT 300 C 
252.9 


476. 4 


12.2 


AS ROLLED- 


-ANNEALED 1 HR 


15 MIN. 


AT 300 C 




Zr3 4-3 A R 


203. 0 


407.8 


203.3 


520.9 


12.2 



Al- 10MG-0. 


1 Z R 










(SOLUTION 


TREATED 


AT 490 


C) 






AS ROLLED: 












BILLET 


s y 


s u 


cC 




%S TRAIN 


NUMBER 


y 


MEASURED 




(MPa) 


(MPa) 


(MPa) 


(MPa) 


(%) 


Zr26-1 AR 


33 1. 0 


507.3 


331.6 


552.4 


4.6 


Zr23-2AR 


335- 9 


475.2 


336.5 


511 .7 


5.6 


Zr2S- 1AR 


320. 7 


474.5 


321.3 


522.6 


7.0 


Zr28-3 AR 


341.9 


438.6 


342.6 


462.0 


7.4 


Zr2 5-1 AR 


3 12. 0 


448.5 


3 12.6 


492.4 


9.4 


Zr3 0-2A R 


273. 5 


436. 8 


274.0 


490. 1 


9.8 


Z r30- 1 A R 


286. 3 


433.3 


286.9 


488.5 


10.5 


AS ROLLED- 


-ANNEALED 1 HR 


AT 300 C 






Zr2 5-2 A R 


26 1. 4 


416.3 


261.9 


481.1 


12.2 


AS ROLLED- 


-ANNEALED 1 HR 


15 MIN. 


AT 30 0 C 




Zr25-3AR 


256.5 


421.4 


257.0 


4 96.2 


14.0 



was done after cracking problems were experienced when warm 
rolling the first few billers of the Copper containing alloy 
solution treated at 440 C as had been done in previous work 
at NPS. The problem appears to be with the melting point of 
the ternary intermetallic, CuMg4Al6. 
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(a) 100 % warm deformation, 1.7 % ambient ductility. 




(b) 100 % warm deformation, 1.2 % ambient ductility. 

Figure 4.5 Al-1 0Mg-0. 1 Zr Both Solution 
As-Rolled, 440 C (a), 490 C (b) , Barkers 
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Treatments 
etch, X 100 




B. SIMULATED SUPERPLASTIC FORMING 



The test matrix for this thesis called for simulated 
superplastic forming of twelve specimens of the as-rolled 
material for eacn solution treating temperature of each 
alloy. The twelve provided for four samples deformed to 
100%, four deformed to 200% strain, all at 1.67X10 -3 strain 
rate and four deformed to 100% strain at 1.67X10 -2 S _1 

strain rate. During the simulated superplastic forming 
phase a thirteenth sample was added for each alloy/solution 
treating temperature combination. This sample was warm 
deformed to 200% strain at 1.67X10 -2 strain rate to check, 
in a qualitative way, how well each material handled large 
strains at moderate strain rates. The Al-1 OMg-O. IZr, solu- 
tion treated at 440 C, was the first to be tested in this 
category. It was stopped at 160 % nominal to insure that 

fracture did not occur . The extra specimens for the other 
four processing conditions were strained to 200 % nominal 

strain. The specimen with the most uniform deformation cf 
the gage section in this category was the 450 C solution 
treated Manganese containing alloy shown later. 

C. AL- 10MG-0.1ZR SOLUTION TREATED AT 440 C 

1. Simulated Supernlast ic Fo rm ing at 300 C 

Samples of the as rolled material cut to the spec- 
imen geometry shown in Figure 3.3 were deformed at 300 C to 
nominal strains of 100,140, 160, and 200 % at strain rates 

of 1.67X10 -3 or 1.67X10 -2 S- 1 . Inhomogeneous deformation of 
the gage section during simulated superplastic forming was a 
severe problem in this alloy. It was necessary to deform to 
nominal strains of 140 % to loO % to obtain the local 
strains desired (100% or 200%) for subsequent ambient 

temperature testing. Figure 4.6 shows the most uniform, 
warm deformation specimen at each condition of strain and 
strain rate for this alloy. 

Figure 4.7 shows all the warm deformation specimens 
for this combination of alloy and solution treating 
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1 0%Mg— 0. 1 %Zr 



(SOLUTION TREATED 4 40 C) 



AS ROLLED (UNTESTED) 






DEFORMED AT 300 C 



c ~ 1,7X10 



100 % 



200 % 



1,7X10 



100% 






HHi 






Figure 4.6 



Most Uniform Specimens of &1- 1 OMg-O- 1 Zr 



Solution Treated at 440 C. 
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Fig ure 



4.7 Al- 1 OMg-Q. 1 Zr Solution Treated at 440 C 

All Samples Harm Deformed at 300 C. 
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AL-10MG— O.IZK WARM FLOW STRESS 



temperature. V7arm deformation stresses were consistent with 
those measured by Alcamo [Ref. 21: p. 110] as shown in 
Figure 4.8. 





2 
c n 
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Figure 4.8 True Stress at 0.1 Strain vs. Strain Rate 
Showing Comparison of Data of this Research to that of Alcamo. 



2. As- rolled and As- r ol led Plus A nnealed 

As-rolled specimens were tested at 8.3X10 -4 S -1 

strain rate at ambient temperature for comparison with 
previous work by Alcamo and Hartmann [ Befs. 21,23: pp. 47, 

50] and to check the consistency of processing through the 
warm rolling stage. Table VI shows good agreement of mechan- 
ical test results when strain rates are approximately egual. 



TABLE VI 

DATA FOB AS-BOLLED AL-10MG-0. 1ZB SOLUTION 
TBEATED AT 440 C AND TESTED AT BOOM TEMPERATURE 



AL- 10MG-0. 1 Z R 

(SOLUTION TREATED AT 440 C) 
AS ROLLED 



BILLET 

NUMBER 

(1 ) (a) 


sy 

(MPa) 

** 


s u 

(MPa) 

** 


(MPa) 

270 


(MPa) 

456 


% STRAIN 
MEASURED 

(S) 

11.7 




i 1 ) ( b ) 


* * 


* * 


3 10 


450 


9. 5 




2) (c) 


* * 


** 


** 


500.8 


8.0 




2) ( d i 


** 


** 


* £ 


457.6 


13.2 




2 el 


** 


** 


** 


445.9 


12. 2 


Zr21-1AR 


317.6 


484.3 


318.2 


522.0 


4.9 


Zr 1 9— 1 A R 


335.3 


489.4 


336.0 


525.8 


5.0 


Zrl 9-2AR 


308. 5 


458.9 


309. 1 


496.7 


5. 1 


Zr2 4-2A R 


3 14.3 


445.3 


3 15.0 


490.9 


8.0 


Zr2 4- 1 A R 


295.6 


44 1.6 


296.2 


489.3 


9.0 


Zr34- 1 A R 


281.2 


430.9 


281.8 


487.3 


9.1 


Zr20— 1 AR 


316.6 


496.2 


317.2 


553.3 


9.2 


AS ROLLED- 
Zr34-2A R 


-ANNEALED 1 HR 
310-3 646 


AT 300 C 
252.9 


476. 4 


12. 2 


AS 


i ROLLED- 


-ANNEALED 1 HR 


15 MIN. 


AT 300 C 




Zr3 4-3 A R 


203. 0 


407.8 


203.3 


520.9 


12.2 



* Specimen fractured before 0.1 true strain 
** Not available 

(1) Alcamo p. 47 Two strain rates (S _1 ) 1.o7X10 -3 (a) , X10 -2 (b) 

(2) Hartmann p. 43 Three strain rates { S~ 1 ) 6.67X10 -4 (cj , 

O.67X10-3 and 6.67X10-2. 



In industrial application of superplastic forming, some 
portions of a finished part are annealed at the warm forming 
temperatures while others are deformed. Room temperature 
tensile test specimens were statically annealed at the warm 
forming temperature (300 C) to provide data on material 
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annealed only in addition to tne data on samples 
experiencing superplastic forming. Table VI includes these 
results . Compared to the as-rolled material, the annealed 
material shows a sharp increase in ambient temperature 
ductility with a corresponding decrease in yield and ulti- 
mate strengths. This is to be expected for a recovered work 
hardened material. Berthold [ Bef . 22: p. 60] has shown that 
at 300 C only recovery, not recrystallization, occurs in 
this material. 

3. Ambient Temperature Mechan i cal Prope rties 

The results of ambient temperature tensile testing 
on specimens cut from the previously warm deformed materials 
are presented in Table VII . 

TABLE VII 

AMBIENT TEMPERATURE PBOPEBTIES OF AL- 1 OMG-O . 1 ZR SOLUTION 
TREATED AT 440 C, AFTEB SIMOLATED SOPEEPLASTIC FORMING 



WARM' DEFORMED AT 300 C 



BILLET 


STRAIN 


STRAIN 


s„ 


s .i 




, 


^STRAIN 


NUMBER 


RATE 


NOM 


LOCAL y 


u 


y 


1EASURED 




(S-M 


(%) 


(•%) 


(MPa) 


(MPa) 


(MPa) 


(MPa) 


(%) 


Zr2 1-2 


1 0-3 


100 


100 


244. 3 


338. 1 


244.8 


347.2 


1.7 


Zrl S- 1 


1 0-3 


200 


100 


260.6 


38 2.5 


261 . 1 


402. 6 


4.7 


Zr23-2 


10-3 


100 


100 


268.0 


417.6 


268.6 


469. 8 


8.9 


Zr22-1 B 


1 0-3 


1 40 


150 


282.7 


423. 1 


283.3 


463. 9 


7.2 


Zr2 2- 1 A 


10-3 


1 40 


150 


282.3 


423.4 


282.9 


474. 4 


8. 9 


Zr3 4- 1 


10-3 


160 


200 


263. 9 


402.2 


264.4 


439. 1 


Ln 

« 

CD 


Zr2 1-1 


1 0-2 


1 00 


75 


280. 1 


407. 4 


280.6 


432.6 


4.5 


Zrl 9-2 


10-2 


100 


100 


267 . 5 


362.3 


268.0 


377. 9 


2.6 


Zrl 8- 2 


10-2 


100 


100 


285.7 


463.3 


286.3 


531. 7 


11.2 


Zr2 3- 1 


1 0- 2 


1 00 


200 


220.8 


438.8 


221.2 


516. 1 


12. 2 




The data shows 


some very 


attractive properties 


for this 



alloy. It is su per plas ticall y deformahle at warm temperature 
to at least 200% strain at strain rates of 1.67X10 -2 S ~ 1 
(i. e. about 2 percent per second). The room temperature 
yield and ultimate strengths fall only slightly as a result 
of the warm deformation. The ambient temperature ductilities 
of this alloy varied from two to twelve percent. The higher 
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ductilities are excellent in comparison to current commer- 
cial superplastic aluminum alloys. The wide variability in 
the ductilities is of serious concern, however there is no 
discernible pattern to the scatter in the values obtained- 
Optical microscopy, up to 800X, provides no clues to the 
cause of the variability in room temperature ductility of 
the previously warm deformed material. 

The photomicrographs show no cavities and no association of 
the fracture with 2nd phase particles. When the cause of 
the variability is discovered and if it can be controlled 
this will be a very attractive alloy with high strength to 
weight ratio for superplastic forming. 

4 . Optical Microscopy 

Optical microscopy was performed on this alloy to 
help determine the cause of the variability in the mechan- 
ical test results, particularly the wide scatter in the 
ambient temperature ductilities after warm deformation. 
Optical microscopy was also done to see if there was any 
discernible difference between the two solution treatments 
applied to this alloy, as was discussed in the previous 
section of this chapter. Figures 4.9 through 4.11 are of 
two of the least and most ductile samples at a given strain 
and strain rate combination. Photomicrographs are of the 

fracture surface sectioned as shown in Figure 3.6 

Magnification is indicated at the bottom of each Figure. The 
most nolable difference between high and low ambient temper- 
ature ductility specimens is the size of the flat area 
perpendicular to the tensile axis. The more ductile the 
sample the smaller the flat area, example Figure 4.11 . This 
follows the general trend for ductile materials. The angled 
outer fracture lip is indicative of ductile fracture. The 
small amount of necking, example Figure 4.12, is typical of 
high-Ma gnesium Aluminum- Magnesium alloys, as noted by 
McNelley-Gar g and by McNelley. [Refs. 17,26]. At this 
level of magnification there are no apparent reasons for the 
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variability in the ambient temperature ductility between 
samples with the same prior thermomech anical history. Crack 
path, as noted previously, does not appear to follow any 
particular features in the structure. 



D. AL- 10MG-0.1 ZE SOLUTIOH TREATED AT 490 C 

1. Simulated Superp l as tic Form ing at 300 C 

Samples of the as-rolled material were warm deformed 
at 300 C to nominal strains of 100, 150, 170 and 200 percent 

strain at strain rates of either 1.67X10 -3 S~ l or 1.67X1Q -2 
S -1 . As with the 440 solution treated Zirconium alloy, 
severe inhomcgeneities in the deformation of the gage 
section were experienced. Therefore, the intermediate 
strains of 150 and 170 percent were used to obtain local 
deformations of 200 percent in the 1.67X10” 3 S _l strain rate 
samples. Figure 4.13 shows the most uniform specimens 
obtained in simulated superplastic forming to 100 and 200 % 
for both strain rates. All specimens of this test group are 
shown in Figure 4.14 . 

The flow stresses for this alloy are equal to those for the 
440 C solution treatment. Previous Figure 4.8 shows this 
comparison. 

2. As- ro lied and As- r ol le d Plus A nne al 

Table VIII gives the ambient temperature tensile 
test results for this processing condition. 

This solution treatment of this alloy shows ambient tempera- 
ture ductility in the as-rolled condition ranging from 4.b 
to 10.5 percent. Annealing at 300 C produces the expected 
increase in ductility with corresponding decrease in yield 
and ultimate strengths for a recovered material. The 
randomly-distributed, large ZrAl3 particles shown in Figure 
4.15 for the 440 C solution treatment are also present in 
the 49 0 C solution treated material. Figure 4.16 The 
increased solution treating temperature does not appreciably 
reduce the number or size of the ZrAl3 particles. As noted 
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(a) 1.7 % ambient temperature ductility. Barkers etch, X100. 




(b) 8.9 % ambient temperature ductility. Barkers etch, X100. 

Figure 4.9 Al-1 Odg-O. 1 Zr Solution Treated at 440, 
Warm Deformed at 300 C to 100% Strain. 
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( a ) 1.7% ambient temperature ductility. Barkers etch, X800. 




(b) 8.9 % ambient temperature ductility. Barkers etch, X800. 

Figure 4.10 Al- 1 0ag-0. 1 Zr Solution Treated at 440 , 

Warm Deformed at 300 C to 100% Strain. 
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(a) 2.6% ambient temperature ductility. Barkers etch, X80. 




(b) 11.4% ambient temperature ductility. Barkers etch, X80. 

Figure 4.11 Al— 1 0dg-Q. 1 Zr Solution Treated at 440 , 

Harm Deforaed at 300 C to 100% Strain. 
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(a) 12.2 % ambient ductility. Barkers etch, X80. 




*,u) 12.2% ambient ductility . Barkers etch, 640 X 

Figure 4.12 Al- 1 0Mg-0. 1 ir Solution Treated at 440, 

Warm Deformed at 300 C to 100% Strain. 
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Figure 4.13 Specimens of Al-10Mg-0. 1 Zr Solution Treated at 
4 90 C. Warm Deformed at 300 C. . 
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Figure 4.14 Al- 10Hg-0. iZr Solution Treated 
at 490 C All Samples Warm Deformed at 300 C. 
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TABLE VIII 



DATA FOB AS— BOLLED AL— 1 0 MG-0. 1ZB 
SOLUTION TBEATED AT 490 C 



AL- 10MG-0. 1 ZB 

(SOLUTION TBEATED AT 490 C) 



AS ROLLED: 




BILLET 


S v 


NUMBER 


y 




(MPa) 


Zr2 1-1 A R 


317.6 


Zrl 9— 1 A R 


335. 3 


Zrl 9-2A R 


308.5 


Zr2 4- 2A R 


3 14. 3 


Zr24-1 AH 


295.6 


Zr34-1AR 


281.2 


Zr20-1 AE 


316.6 



S Jj <5y 

(MPa) (MPa) 

484.3 318.2 

489.4 336.0 

458.9 309.1 

445.3 3 15.0 

441.6 296.2 

430.9 281.8 

496.2 3 17.2 



CS\, %STRAIN 

MEASURED 



(MPa) (%) 



522.0 


4.9 


525.8 


5.0 


496.7 


5. 1 


490.9 


8.0 


489.3 


9.0 


487.3 


9.1 


553.3 


9.2 



AS BOLLED — ANNEALED 1 HR 
Zr3 4-2AR 3 10-3 646 



AS ROLLED— ANNEALED 1 HR 
Zr3 4-3 A R 203. 0 407.3 



AL- 10MG-0. 


1 Z R 




(SOLUTION 


TREATED 


AT 490 


AS ROLLED: 


EILLET 


S v 


s n 


NUMBER 


y 


u 




(MPa) 


(MPa) 


Z r2 6- 1 A R 


331.0 


507.3 


Zr23-2AE 


335. 9 


475.2 


Z r2 8- 1 A R 


320. 7 


474.5 


Zr2 8-3AR 


34 1.9 


438.6 


Zr2 5- 1 A R 


3 12.0 


448.5 


Zr30-2AR 


273. 5 


436.8 


Zr3 0-1 A R 


286.3 


433.3 



AS ROLLED — ANNEALED 1 HR 
Zr2 5-2 A R 261.4 416.3 



AS ROLLED — ANNEALED 1 HR 
Zr2 5-3A R 256. 5 421.4 



AT 300 C 

252.9 476. 4 12.2 

15 MIN. AT 30 0 C 

203.3 520.9 12.2 



C) 



<y v 


cr. - 


. %S T R AIN 


y 


U 


MEASURED 


(MPa) 


(MPa) 


(%) 


331.6 


552.4 


4.6 


336. 5 


511.7 


5.6 


321.3 


522.6 


7.0 


3 4 2.6 


462.0 


7.4 


3 1 2.6 


492.4 


9.4 


274.0 


490.1 


9.8 


286.9 


488.5 


10. 5 


AT 300 C 


261.9 


481 . 1 


12. 2 


15 MIN. 


AT 300 C 




257.0 


4 96.2 


14.0 



by Berthold [Ref. 22]. they are most likely formed above 
660 C by reaction in the liquid. 

3. Ambi ent Temperature M echa ni cal Pr operties 

The results of the ambient temperature tensile 
testing on the specimens given simulated superplastic 
forming are presented in Table IX . 

The data illustrates attractive properties for this alloy. 
First, it is superplasticcally deformable to 200 percent 
strain at 1.67X10 -2 S _l strain rate ( 2%/second) The 
ambient temperature yield strength after simulated super- 
plastic forming, about 260 MPa (38 KSI) , is below that of 
the as-rolled condition but comparable to that of the 
annealed condition of this alloy and substantially higher 
than the strength of commercial Al-Mg alloys. This alloy/ 
heat treatment combination has lower yield strengths (260 
MPa vs 300 or 420 MPa) than Supral 100 or Supral 210 respec- 
tively as given by Barnes [ Eef. 27 z p. 7] but has equal 
ultimate strengths and nearly double (14.5 % vs 8 7.) ambient 
temperature ductility after warm deformation. The higher 
ductilities in conjunction with the strength are very good. 
As with the Zirconium-containing alloy, solution treated at 
440 C, there is no discernable pattern to the scatter in the 
ambient temperature ductility data. Again, optical micros- 
copy does not reveal any cause for the variable ductility 
either . 

E. AL- 10MG-0.5MN SOLUTION TREATED AT 440 C 

1. Simulated Superplast ic Formin£ at 3 00 C 

Samples of the as-rolled material were warm deformed 
as specified in the test section. The inhomogeneities in 
deformation experienced with the Zirconium-containing alloy 
were not present in the Manganese -containing alloy. Figure 
4.17 shows a representative set of warm deformation speci- 
mens, one for eacn strain/strain rate combination. 

Figure SMn440all in appendix B shows all warm deformed spec- 
imens for this alloy/ heat treatment combination. Warm 

deformation flow stresses were consistent with those found 
by Self [Ref. 20: p. 66] as are shown in Figure 4.18. 
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(a) Barkers etch, X100. 
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(b) Barkers etch, X800. 

Figure 4.15 Large ZrAl3 Particles Present in the 
As-Rolled Al- 103g-0 . IZc alloy solution treated at 440 C. 



57 



! 

i 



\ 



(a) Barkers etch, X100. 
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(b) Barkers etch, X800. 

Figure 4.16 Large ZrA13 Particles Present in the 
As-Rolled Al- 1 Oag-O. IZr Alloy Solution Treated at 490 C- 
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TABLE IX 



AMBIENT TEMPEBATUBE TENSILE TEST RESULTS 
FOB AL-IOilG-O. 1ZB SOLUTION TREATED AT 490 C 



WARM DEFORMED AT 300 C: 



BILLET 


STRAIN 


STRAIN 


S v 




of, 


d % 


STRAIN 


NUMBER 


RATE 


NOM 


LOCAL 


y 


y 


u MEASURED 




(S-i) 


<*) 


(%) 


(MPa) 


(MPa) 


(MPa) 


(MPa) 


(5) 


Zr2 8-2B 


1 O' 3 


1 55 


100 


26 1.0 


28 1.0 


261.5 


283.4 


1.4 


Zr2 8-2A 


1 0-3 


155 


100 


247.7 


356. 3 


248.2 


368.7 


1.9 


Zr29-2B 


1 0-3 


1 50 


1 00 


268. S 


428.6 


241 .3 


459.5 


4.0 


Zr2 5-2 


1 0-3 


100 


100 


276.9 


390. 1 


277.4 


409.2 


5.2 


Zr26-2 


10-3 


100 


100 


232.0 


404.0 


232.5 


440.9 


7.0 


Zr3 1- IB 


10-3 


1 70 


200 


259.3 


279.6 


259.9 


282.6 


0.8 


Zr26- 1 A 


1 0-3 


200 


200 


273. 5 


428.8 


273.9 


492.3 


9.8 


Zr26- 1 B 


10-3 


200 


200 


243.3 


443. 1 


243.9 


526. 2 


1 3.9 


Zr2 9-2A 


1 0-3 


150 


225 


254.3 


454.7 


254.8 


511.5 


14.5 


Zr3 1 -1 A 


10-3 


170 


300 


250.6 


283.5 


251.1 


288. 8 


1.8 


Zr2 5- 1 


10-2 


100 


100 


271 . 5 


303.9 


272.0 


306.3 


0.7 


Zr29- 1 


1 0-2 


1 00 


100 


280.4 


327. 1 


281 .0 


332.3 


1.2 
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AI — 1 0%Ma-0.5%Mn 



(SOLUTION TREATED 440 C) 



ROLLED (UNTESTED) 



DEFORMED AT 300 C 



c - 1.7X10 



100 % 



200 % 






c ~ 1,7X10 



100 % 



200 % 



mmm 






Figure 4.17 



&l-103g-0. 5Mn 
Warm Rolled 



Solution Treated at 440 
at 300 C. 



C 
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Figure 4.18 True Stress at 0.1 Strain vs Strai 
During Siaulated Superplastic Forming at 300 



The m value taken from the slope of the curve in Figure 4.18 
is about 0.5- This is consistent with the m values found for 
this alloy by botn Mills and Self [ Bef s. 14,20: pp. 45, 66]. 
It is also in the range of 0.3 to 0-7 Specified by Sherby 
and Wadsworth [Bef. 5: p-363] as being a normal m value for 

superpl asti city . 

2. As-rolle d and As-rol le d Plus A nneal 

As-rolled samples were tested for comparison with 
previous work by Mills [Bef. 14]. Strain rate for this work 
was 8.3X10 -4 S~ 1 . Table X shows comparison of the ambient 
temperature mechanical test results between this work and 
previous work. 



TABLE X 

DATA FOB AS-BOLLED AL— 1 0 MG— 0. 5MB 
TESTED AT AMBIENT TEMPERATURE 



AL-10MG-0.5MN 

(SOLUTION TREATED AT 440 C) 



AS ROLLED: 



BILLET 


s v 


s„ 




<*11 


% STRAIN 


NUMBER 


y 


U 


y 


u 


MEASURED 






(MPa) 


(M Pa) 


( MPa) 


(MPa) 


(%) 




l 1 ) (a) 


** 


❖ * 


* * 


4 14 


3.0 




1 j lb) 


** 


** 


** 


478 


3.2 




1 ) (c 


** 


** 


** 


503 


3. 2 


MK 


7-2AR 


29 9. 3 


470.4 


3 00.0 


496.7 


2. 8 


MNb-3AR 


258. 8 


481.7 


259.3 


495.9 


3. 4 


MN2-3AR 


30S. 4 


410.7 


3 10.1 


514.4 


4.0 


MN2-2AR 


246. 7 


482.2 


297.3 


515.5 


4. 2 


MN2-1AR 


340. 6 


504.4 


34 1.3 


538.2 


5. 1 


MN7-1AR 


375.8 


522.0 


376. 6 


552.8 


5. 8 


AS ROLLED- 


-ANNEALED 


1 HR 


AT 300 C 






MN6-1AR 


325.2 


446.2 


325.8 


434.2 


7.4 


AS ROLLED- 


-ANNEALED 


1 HR 


15 MIN. 


AT 300 C 




MN6-2AR 


275. 3 


462.7 


275.9 


556.2 


14. 4 



** data not available 

(1) Mills p. 47. Three strain rates <S — 1 ) ; S.oXlO - 4 (a), 

5.6X10-3 (b) and 5.6X10-2 (c) . 
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3. Amb ient Tempe rature M echan ical P roperties 

The results of mechanical testing of the previously 
warm deformed material are presented in Table XI 

TABLE XI 

DATA FOE AMBIENT TEHPEBATUBE MECHANICAL TESTS 
OF PREVIOUSLY W ABM DEFOBMED AL- 10MG-0. 5MN 

(SOLUTION TEEATED AT 440 C) 

H ARM DEFORMED AT 300 C 



BILLET 


STRAIN 


STRAIN 


s v 


s .. 


cr 


<51 


% STRAIN 


NUMBER 


RATE 


NOM LOCAL 


y 


u 


y 


u 


MEASURED 




(S-i ) 


(X) 


(%) 


(MPa) 


(MPa) 


(MPa) 


(MPa) 


(*> 


MN2-2 


10-3 


1 00 


100 


296 . 8 


317.5 


297.4 


320.3 


0.4 


MN2-2A 


10-3 


1 00 


100 


293.3 


422.7 


293. 9 


450-3 


4. 1 


MN2-2B 


10-3 


1 00 


100 


289.2 


412.2 


289.8 


436. 9 


4.5 


MN5-2B 


10-3 


200 


200 


304. 1 


428. 9 


304.7 


454.7 


3.1 


MN6-2B 


10-3 


200 


200 


317.7 


445.8 


318.3 


498.2 


6.2 


MN1-1A 


10-3 


200 


200 


257.3 


446.7 


257.7 


497.2 


7.6 


MN1-1B 


1 0-3 


200 


200 


244.7 


434.5 


245.4 


478.0 


8.2 


MN6-2A 


10-3 


200 


200 


319.6 


468.3 


320.3 


518.7 


9.0 


MN5-2A 


1 0-3 


2 00 


200 


317.4 


459.8 


318. 1 


524.0 


9.5 


MN7-1 


10-2 


100 


100 


271 . 9 


42 1. 6 


272.4 


447. 3 


3.7 


MN4-1 


10-2 


100 


100 


306 . 0 


442.0 


306.6 


472. 9 


4.6 


MN3-1 


10-2 


100 


100 


253.4 


434.4 


253.9 


465.4 


5. 1 



Yield and ultimate strengths do not show any appreciable 
decrease with the amount of prior simulated superplastic 
forming. The 290 MPa (42 KSI) in conjunction with the 
maximum ductilities obtained are a very good combination, in 
fact they are better than those for the zirconium-containing 
alloy. The problem of wide variability in room temperature 
ductility after simulated superplastic forming observed with 
the Zirconium-containing alloy were also observed in this 
alloy. A noTable example are specimens Mn5-2B and Mn5-2A, 
the least and most ductile results in the 200% nominal 
strain section. These two specimens were remachined from the 
same warm deformation specimen. Photomicrographs, Figures 
4.19 and 4.20, shown no obvious differences between these 
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two specimens. In fact th 
ductile sample has larger s 
sample. Figure 4.19 

Several of the mor 
specimens had load versus e 
istic of mild steels than Al 
a typical one of these curve 
strain and finally a strain 
throughout the curve were 
section and are likely due 
tion interacting with mov 
straining would be indicati 
tions from solute atmosphere 
4- O ptical Microsco py 
Optical Microscopy 
help determine the cause of 
ical test results, particul 
ductility of the previously 
earlier in Figures 4.19 
provided no obvious cause 
temperature ductility. 



e fracture surface of the less 
hear lips than the more ductile 

e ductile, ambient-temperature 
longation curves more character- 
uminum. Figure 4.21 is a copy of 
s, showing an appreciable luders 
hardening region. The sera tions 
discussed in the background 
to the Magnesium in solid solu- 
ing dislocations. The Luders 
ve of an unlocking of disloca- 
s. 

was performed on this alloy to 
the variability in the mechan- 
arly in the ambient temperature 
warm deformed material. As shown 
and 4.20, optical microscopy 
for the variability in room 



F. AL- 10HG-0.5flH SOLUTIOH TBEATED AT 490 C 

1. Si m ulat ed Superp last ic Form ing at 300 C 

Figure 4.22 shows representative warm deformation 
specimens for each strain/strain rate combination applied to 
this alloy. 

The notable feature of this alloy and solution treatment 
temperature combination was the uniformity of deformation cf 
the gage section. Even at simulated superplastic forming 
strains of 200 % at 1.67X10 -2 S - 1 , strain rate, gage section 
deformation was uniform, more so than any other alloy/TMP 
combination examined. Figure 4.23 shows all warm deformed 
specimens in this test group. 

Figure 4.18 A comparison of the flow stresses at 300 
C for this work, at both 490 C and 440 C solution treating 
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(a) 



(b) 

Figure 4.19 Al-1 0Mg-G.5Mn Warm Deformed to 200% Strain 
Room Temperature Ductility 9.5% (a) and 1.7% (b) Barkers etch £101). 
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(b) 



Figure 4.20 Al— 1 0Mg-Q.5Mn Warm 
Room Temperature Ductiltiy 9.5% (a) 



Deformed to 200% Strain 
and 3.1% (b) Barkers etch X800 
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Figure 4.21 Instron Produced Load *s Elongation Chart 
for A 1- 1 OMg-O . 5Bn Specmen Showing Large Luders Section- 

temperatures, and data from Mill’s [Ref. 14: p. 39] previous 
work on tnis alloy , solution treated at 440 C. Inis 
comparison shows no apparent effect of solution treating 
temperature on flow stresses for this alloy in the strain 
rate range tested. The slope of the line segments from tnis 
work, are about tne same as Mills' worK. suggesting an 
"u" value of 0.4 to 0.5 for this alloy. 

2. As- rolled ana As-ro l led Plus Anneal 

As-rolled and as-rolled plus annealed samples were 
tested in tension at amtient temperature. Table XII gives 
tne mechanical test results and provides a comparison with 
the results cf tne 440 C solution treated material. Tne 
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A { - 1 O % M g - 0 . 5 % M n 



(SOLUTION TREATED 490 C) 



AS ROLLED (UNTESTED) 



r> ~ 1.7X1G 



100 % 



200% 






* 0 ?$pp| 



C - T ,7X1 0 



W(i% 



200% 






Figure 4.22 Al-1 OBg-O. 5 Mn Solution Treated at 490 C 

Warm Deformed at 300 C- 
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Figure 



4.23 Al-1 OHg-O. 5 Mn Solution Treated at 490 
All Specimens Warm Deformed at 300 C. 



C 
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results are similar to the 440 C solution treatment, but 
have slightly better ambient temperature ductilities both 
as- rolled and after a 75 minute anneal at 300 C. 

TABLE XII 

AMBIENT TEMPEBATORE TEST DATA FOB 
AL-10MG-0.5MH SOLUTION TBEATED AT 490 C 



(SOLUTION 


TREATED 


AT 490 


C) 






AS ROLLED: 


BILLET# 


S y 


S u 


<*y 


^ u 


% STRAIN 
MEASURED 




(MPa) 


(MPa) 


(MPa) 


(MPa) 


(%) 


MN16-3AR 


332. 1 


485.1 


332.8 


504.0 


2.9 


MN1 4-1 AB 


2 5 9. 7 


467.4 


260.2 


441.8 


3.4 


MN16-1AR 


338. 3 


507.3 


388.9 


541 .3 


3.5 


MN13-1 AR 


298.2 


492.8 


298.8 


519.8 


4.3 


MN16-2AR 


3 33. 4 


513.3 


334.1 


551.9 


4.7 


MN1 1-2AR 


271.6 


502.5 


272. 1 


546.7 


5.7 


AS ROLLED- 


-ANNEALED 1 HR 


15 MIN. 


AT 300 C 




MN1 1-3AR 
(SOLUTION 


291.9 

TREATED 


456.8 
AT 440 


292.6 

C) 


531.7 


12. 6 


AS ROLLED: 


BILLET 


S v 


s n 


<J V 


cr n 


% STRAIN 


NUMBER 


y 


U 


y 


u 


MEASURED 




(MPa) 


(MPa) 


(MPa) 


(MPa) 


(X) 


MN7-2AR 


299.3 


4 70. 4 


300.0 


496.7 


2.8 


MN6-3AR 


258. 8 


481.7 


259.3 


495.9 


3. 4 


MN2-3AR 


309. 4 


410.7 


3 10.1 


514.4 


4.0 


MN2-2AR 


246. 7 


482.2 


297.3 


515.5 


4.2 


MN2-1AR 


340. 6 


504.4 


34 1.3 


538.2 


5. 1 


MN7-1AR 
AS ROLLED- 


375.8 522.0 

-ANNEALED 1 HR 


376.6 
AT 300 C 


552.8 


5.8 


MN6-1AR 


325.2 


446.2 


325.8 


484.2 


7. 4 


AS ROLLED- 


-ANNEALED 1 HR 


15 MIN. 


AT 300 C 




MN6-2AR 


275.3 


462.7 


275.9 


556.2 


14.4 



3. Ambient Tem perat ure Mecha ni cal Properties 

Results of ambient temperature mechanical testing on 
previously warm deformed samples are presented in Table XIII 
The 315 MPa (45 KSI) yield strength and 515 MPA (75 KSI) 
ultimate strengths in conjunction with the nigher ductili- 
ties are very attractive. Almost all results for material 
with 200% prior simulated superplastic forming were very 
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TABLE XIII 



AMBIENT TEMPERAIOBE MECHANICAL TESTS FOE 
AL-1 0MG-0.5MN AFTER HARM DEFORMATION AT 300 C 



(SOLUTION TREATED AT 490 C) 
WARM DEFORMED AT 300 C: 



BILLET 


STRAIN STRAIN 


s„ 


Su 


by 


du 


% STRAIN 


NUMBER 


RATE 


NOM LOCAL J 




MEASURED 




(S-i 


) (%) 


(%) 


(MPa) - 


(MPa) 


(MPa) 


(MPa) 


(%) 


MN1 4-2 


10-3 


100 


100 


296 . 0 


339.0 


296.6 


344.4 


1.2 


MN13-2 


1 0-3 


100 


100 


263. 2 


334.8 


263.7 


343.0 


2. 5 


MN 1 1-1 


10-3 


1 00 


200 


299.6 


426. 7 


300.2 


455.2 


3.82 


MN1 4—1 A 


10-3 


200 


200 


318.0 


460. 4 


318. 2 


516. 4 


8.00 


MN1 4- IB 


10-3 


200 


200 


315.7 


457. 1 


316.3 


516. 2 


8.75 


MN16-2B 


10-3 


200 


200 


317. 6 


455.5 


318.3 


512.2 


8.84 


MN1 1-2A 


10-3 


200 


200 


323. 1 


454.7 


323.3 


512.6 


9. 14 


MN16-2A 


1 0-3 


200 


200 


324. 3 


457. 1 


324.5 


513. 1 


9.63 


MN1 1-2B 


10-3 


200 


200 


299. 1 


453.4 


303.2 


522.8 


10.64 


MN13-1 


1 0-2 


100 


100 


304. 6 


347.9 


305.2 


352.7 


0. 90 


MN15-1 


10-2 


1 00 


100 


286.7 


434.9 


287.2 


468.6 


4.41 


MN1 7-1 


10-2 


1 00 


100 


297.5 


437. 1 


298. 1 


466.5 


4.49 



good. Barnes [Ref. 27: p. 7] lists the room temperature 

properties of a number of current commercial high strength 
superpiastic Aluminum alloys. Only one, SP7475, is listed 
with a room temperature ductility after simulated super- 
plastic forming greater than 8 %. As with the three previous 
alloy/solution treatment temperature combinations presented, 
there is variability in the room temperature ductilities of 
specimens with the same prior thermomechanicai history. The 
yield and ultimate strengths show little degradation as 
result cf prior simulated superpiastic forming. As with the 
Manganese containing alloy solution treated at 440 C, a 
number of specimens had room temperature load versus elonga- 
tion charts with appreciable Luders sections before strain 
hardening. Comparison of the data in Tables XI and XIII show 
equivalent strengths at all conditions for both solution 
treatments. The 490 C treatment has slightly better average 
room temperature ductilities after 200 % simulated super- 
piastic forming nut is not as ductile after 100 % warm 
deformation at either strain rate. 
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4. Optical Ml CCOSCO P Y 

Optical microscopy performed cn tnis alloy/sol ution 
treatment combination again did not provide any conclusive 
explanation for the variability in ambient temperature 
ductility observed. Figure 4.2, vnich compares noth solution 
treating temperatures shows no apparent effect of the nigner 
solution treating temperature. 

G. AL- 10MG-0.4CU SOLUTION TBEATED AT 425 C 

1. Simu^atejd Supe rp las t ic Formina at 3 00 C 

Figure 4.24 shows a representative set of warm 
deformed specimens of tnis alloy, out at eacn strain/s train 
rate combination. 

This alloy deforms very uniformly at 1.67X10 -3 3 _1 even to 

2C0 % strain but, begins tc snow nonuniform deformation at 
2C0 % strain at 1.67X10 -2 S~ 1 strain rate. 



TABLE XIII 

AMBIENT TEMPERATURE MECHANICAL TESTS FOB 
AL- 1 0MG-0.5MN AFTEB HAEM DEFORMATION AT 300 C 



(SOLUTION TB E AT ED AT 490 C) 

war® &ti .>3,0(1 (£ : 



BILLET 


2TB A I N SI 


BAIN 


S w 


S u 


CTy 


db 


A b 1 Ai 


N U M £ E B 


BATE 


NO 


M LOCAL J 




m r ' r n E 

i- n u 




(s- i 


) (*) 


(*) 


(MPa) 


(MPa) 


(M?a) 


(MPa) 


(5) 


M N 1 4-2 


10- 3 


100 


100 


296 . 0 


339.0 


256.6 


344.4 


1.2 


M N 1 3 — 2 


1 0-3 


100 


100 


2o3 . 2 


334.8 


2o3 . 7 


J4 3.0 


2-5 


MN1 1- 1 


10-3 


1 0 0 


200 


299 .6 


426.7 


300.2 


455. 2 


3.82 


M N 1 4- 1 A 


1 0- 3 


200 


..30 


318.0 


4o G. 4 


318.2 


516. 4 


8.00 


MN1 4— IB 


10- 3 


200 


aOO 


315.7 


45 7.1 


a 1 6 . 3 


51o.2 


8.75 


MNlo-23 


1 0-3 


2 00 


200 


317.6 


455.5 


318.3 


512. 2 


8.84 


MN1 1-zA 


10-3 


2 00 


200 


323. 1 


454.7 


32a .3 


512.6 


4. 14 


M N1 o-2 A 


1 0-3 


2 0 C 


200 


324. 3 


457.1 


324.5 


513.1 


9.63 


MN1 1-2B 


10-3 


200 


200 


299 . 1 


453.4 


303.2 


522.8 


10.04 


HN1 3-1 


1 0-2 


1 00 


100 


304.6 


347.9 


305. 2 


352.7 


C. 90 


m in 5-1 


1 0- 2 


1 00 


100 


2 5t> . 7 


434.9 


_o7 . 2 


4t> 8 . 6 


4.41 


MN1 7-1 


1 0- 2 


1 00 


100 


297.5 


437. 1 


248. 1 


4oo.5 


4.49 
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{SOLUTION TREATED 42 & C) 



AS ROLLED {UNTESTED) 



DEFORMED AT 300 C 



c = 1.7X10 



100% 



200 % 



e = 1.7X10 



100 % 



200% 






Figure 4.24 



Al- 1 Oag-O. 4 Cu Solution Treated at 425 C 
Warm Deformed at 300 C. 



73 












AL-10MG-0.4CU WARM FLOW STRESS 
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Figure 4.25 compares the flow stresses for this 
research with those obtained by Self [Ref. 20: p. 40] for 

this same alloy solution treated at 44 0 C. The flow stress 
values are consistent between both sets of data, 
===== with stress level increasing with strain rate as 
predicted by eguation 2.4. The strain rate sensitivity 
coefficient, m, taken from the slope of these log- log plots 
is 0.x. This is consistent with previous work at NPS and is 
in the 0.3 to 0.7 range usually observed for superplas- 
ticity. In Self's work [Ref. 20: p. 50] a strain of 157 % 
at 1.3SX10 -2 S - 1 strain rate before fracture was obtained. 
In this work , two specimens , shown in Figure 4.26 (b) , 

were each strained to 200 % at 1.67X10 -2 S -1 strain rate. 
At that point simulated superplastic forming was stopped to 
allow remachining or ambient temperature tensile test speci- 
mens from the warm deformed specimens. Although they were 
both beginning to deform nonunif ormly , neither was near 

fracture. It has not been determined if this was due to the 
reduction in solution treating temperature or the larger 
cross section of the simulated superplastic forming speciomens 

used in this work. 

2. As-rolled and As-rol led Plus Anneal 

As-rolled and rolled plus annealed specimens were 
tested in tension at room temperature at 8.3X10 -4 S -1 strain 
rate. Table XIV presents the results of the above mechan- 
ical testing along with comparative data from Self 
[Ref. 2 0]. The as-rolled data from this research has higher 
ultimate strengths with lower ductilities than Self's work. 
The as- rolled material, statically annealed for 75 minutes, 
gives the same results as Self's as-rolled data. There is no 
previous data available for statically annealed as-rolled 
strength and ductility for this alloy. 
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4.26 Al- 1 Oflg-O. 4 Cu Solution Treated at 425 C 

All Specimens Harm Deformed at 300 C. 
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TABLE XI? 



AMBIENT TEMPERATURE MECHANICAL TEST DATA 
FOR AS-ROLLED AL- 10MG- 0. 4CU 



AL- 10MG-0.4CU 

(SOLUTION TREATED AT 425 C) 
AS ROLLED: 



BILLET 


s v 


s u 

(MPa) 


° V 


°u 

(MPa) 


% 


NUMBER 


y 

(MPa) 


y 

(MPa) 


ME 

<%) 


(1) (a) 


** 


** 


* # 


456.7 


1 0.8 


(1) (b) 


** 


** 


** 


450.5 


1 0. 9 


Cul 5-1AR 


337. 1 


484.6 


337.8 


519.3 


4. 8 


Cul 8-1AR 


3 2 8. 8 


458.7 


329.4 


483.4 


5. 1 


Cul 9-1 AR 


309. 5 


452.2 


310.1 


481 .4 


5.2 


Cul 6-1 A R 


352.7 


503.7 


353. 4 


540.2 


6. 0 


Cul 8-2 A E 


315. 0 


45b . 0 


312.2 


483.8 


6. 3 


C ul 8-3 A R 


310. 8 


461.5 


3 11.4 


4 96 .8 


6. 4 


AS ROLLED- 


-ANNEALED 


' 1 HR 


15 MIN. 


AI 30 0 C 




Cu 16-2A R 


2 4 8. 8 


401 .4 


244. 3 


459.6 


1 0.7 



STRAIN 



** data not available 

Self, p. 50. Two strain rates (S -1 ) 1.39X10 -3 (a) 

and 1.39X10-2. 



3. Ambient Tempera t ure Mech anical Properties 

Results of the ambient temperature mechanical 
testing on previously warm deformed samples are presented 
in Table XV . The yield and ultimate strengths at ambient 
temperature after warm forming show about a 15 % decrease 

from the as-rolled values presented in Table XIV This is 
similar to the results for the Zirconium- containing alloy 
but in contrast to the Manganese-containing alloy whicn 
showed no significant loss of yield or ultimate strength 
after, with warm deformation. 

The ductilities of the specimens at ambient tempera- 
ture after simulated superplastic forming to 200 % strain at 
1.67X10 -3 S ~ 1 strain rate are equivalent to several other 
current superplastic Aluminum alloys [Ref. 27], The yield 
strengths and ductilities for the other three strains and 
strain rates are at or below other commercial superplastic 
alloys. 
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TABLE XT 



AMBIENT TEMPEBATUBE MECHANICAL TEST DATA 
FOB AL-1 0MG-0.4CU AFTEB SIMULATED SUPERPLASTIC FOBBING 



AL-10MG-0.4CU 

(SOLUTION TREATED AT 425 C) 



WARM DEFORMED AT 300 C: 



BILLET 


STRAIN 


STRAIN 


S 


s .i 


o 


°n 


% STRAIN 


NUMBER 


RATE 


NCM 


local y 


u 


y 


u 


MEASURED 




<s-i) 


<%) 


(%) 


(MPa) 


(MPa) 


(MPa) 


(MPa) 


(%) 


C ul 3-2 


10- 3 


1 00 


100 


225. 1 


313.9 


225.5 


322.6 


1.9 


Cul 4-1 


10- 3 


100 


100 


275. 2 


398.0 


275.7 


431. 9 


6. 1 


Cul 4-2A 


TO" 3 


200 


300 


273.0 


290.4 


273.6 


293.7 


1.2 


Cul 9- 1 A 


10-3 


200 


200 


267. 2 


298. 4 


262.8 


303. 0 


1.9 


Cul 9- IB 


10-3 


200 


200 




34 1.0 






3.0 


Cul 4-2B 


1 O ' 3 


200 


150 


269.5 


393.5 


270.0 


420.0 


4.7 


Cul 9-2B 


1 O ' 3 


200 


200 


271 . 1 


389.2 


271.6 


415. 6 


5.0 


Cul 9-2A 


10-3 


200 


250 


252.8 


394.3 


253.3 


425. 1 


5.7 


C ul 7- 1 


10-2 


100 


100 


274. 0 


404. 7 
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4 . Optical Microsco py 

As with the other four processing condition/alloy 
combinations examined in this work, optical microscopy did 
not provide any conclusive evidence of the cause for the 
variability in room temperature ductility observed. Figures 
4.27 and 4.28 comparing specimens of this alloy warm 
deformed to 100 % at 1.67X10 -3 S~ 1 strain rate are good 
examples of this. One specimen had 6.7 % ambient temperature 
ductility , the other 1.9% ductility yet no apparent differ- 
ence is evident at this level of magnification. 

One of the specimens warm deformed to 100 % strain 
at 1.o7X10 -3 S _1 strain rate then tensile tested at room 

temperature had a second crack about 12 mm away from the 
fracture surface. Figure 4.29 shows this crack, perpendic- 
ular to the tensile axis and covering about 50 % of tne 
thickness of the specimen. Figures 4.30 are higher magnifi- 
cation photomicrographs of the tips of the ccack. The darx 
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(a) 




Figure 4.27 
Room 



Al- 1 03g— 0 . 4Cu Warm 
lemp Ductility 6.1 % 



Deformed to 
(A) and 1.9 



10 0 % 5 1 r ain 

% (b). 
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(b) 

Figure 4.28 Al- 1 OHg-O . 4Cu Warm Deformed to 100 % Strain 



Ductility 6. 1 % (a) and 1-9 % (b) Kellers etch, X800. 
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etching artifacts that the crack seems to go through did not 
appear as voids in the sample before etching, but do etch 
preferentially. Spectrum analysis was not available to 
determine what elements were present at these sites. This 
was the only specimen examined in this work which had such a 
crack. 
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Figure 4-29 ‘Second Crack 12 mm Away From 
Actual Fracture Site. Al-10Hg-0. 4 Cu, Kellers etch X100 




(a) Left end 
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(b) Right end 

Figure 4.30 Ends of Second CracK. in 
Ai- t OBg-O. 4Cu Specimen. Kellers etch, X800. 
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V. CONCL USIONS AND REC OMM ENDATIONS 
A. CONCLUSIONS 

1. A successful modification of the test equipment was 
made to simulate superplastic forming , with sufficient 
sample size to permit subsequent evaluation of the ambient 
temperature mechanical properties after warm deformation. 

2. Material was processed for all three alloys. This 
processing included material to evaluate the effect of solu- 
tion treating temperature in the Al-10Mg-0. IZr and 
Al- 1 OMg-O. 5Mn alloys. 

3. In simulation of superplastic forming, attained 200 % 

deformation at 1.7X10 -2 S _1 ( 2 % / second) for all alloys 

and processing conditions. 

4. Following superplastic forming, the yield strenths 
were 300 MPa (40 KSI) to 325 MPA (45 KSI) for the 
A 1- 1 0Mg-O . 5 Mn alloy, 230 MPa (35 KSI) to 300 MPa (40 KSI) 
for the Al- 1 0Mg-0. 1 Zr alloy and 250 MPa (35 KSI) to 300 MPa 
(40 KSI) for the Al- 1 OMg- 0. 4 C u alloy. 

5. Ductilities varied widely with little apparent corre- 
lation to prior thermomechanical processing. Ambient temper- 
ature ductilities after simulated superplastic forming were 
1.7 to S- 8 percent for the A 1- 1 0Mg- 0 . 5 Mn alloy, 1.0 to 14.2 
percent for the Al- 1 OMg-0. 1 Zr alloy and 0.7 to 8.8 for the 
Al- 1 0Mg-0. 4 Cu alloy. 

6. The yield strength and ambient temperature ductility 
combinations for the more ductile samples in all three 
alloys are very good in comparison to other superplastic 
alloys. 

7. Optical metallography does not reveal the cause for 
the variation in ductilities but does show that little cavi- 
tation occurs during warm deformation of these alloys. 
Metallography does show that the fracture path does not 
follow the constituent ZrAl , MnAl , or Cu particles. 
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B. RECOMMENDATIONS 



1. More detailed metallography (transmission electron 
microscopy) is needed to determine the cause of the variability 
in room temperature ductility. 

2. Continue evaluation of microstructure evolution 
durinfg superplastic flow. 

3. Continue evaluation of the properties of structures 
produced during superplastic forming. 
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